San Jose State University
From the SelectedWorks of Santosh KC

April 1, 2015

Surface oxidation energetics and kinetics on
MoS2 monolayer
Santosh KC, The University of Texas at Dallas
Roberto C. Longo, The University of Texas at Dallas
Robert M. Wallace, University of Texas at Dallas
Kyeongjae Cho, The University of Texas at Dallas

Available at: https://works.bepress.com/santosh-kc/21/

Surface oxidation energetics and kinetics on
MoS2 monolayer
Cite as: J. Appl. Phys. 117, 135301 (2015); https://doi.org/10.1063/1.4916536
Submitted: 24 January 2015 . Accepted: 18 March 2015 . Published Online: 01 April 2015
Santosh KC

, Roberto C. Longo, Robert M. Wallace, and Kyeongjae Cho

ARTICLES YOU MAY BE INTERESTED IN
Air sensitivity of MoS2, MoSe2, MoTe2, HfS2, and HfSe2
Journal of Applied Physics 120, 125102 (2016); https://doi.org/10.1063/1.4963290
Oxidation and oxidative vapor-phase etching of few-layer MoS2
Journal of Vacuum Science & Technology B 35, 021203 (2017); https://doi.org/10.1116/1.4975144
Sulfur vacancies in monolayer MoS2 and its electrical contacts
Applied Physics Letters 103, 183113 (2013); https://doi.org/10.1063/1.4824893

J. Appl. Phys. 117, 135301 (2015); https://doi.org/10.1063/1.4916536
© 2015 AIP Publishing LLC.

117, 135301

JOURNAL OF APPLIED PHYSICS 117, 135301 (2015)

Surface oxidation energetics and kinetics on MoS2 monolayer
Santosh KC,1 Roberto C. Longo,1 Robert M. Wallace,1,2 and Kyeongjae Cho1,2,a)
1

Department of Materials Science & Engineering, The University of Texas at Dallas, Richardson,
Texas 75080, USA
2
Department of Physics, The University of Texas at Dallas, Richardson, Texas 75080, USA

(Received 24 January 2015; accepted 18 March 2015; published online 1 April 2015)
In this work, surface oxidation of monolayer MoS2 (one of the representative semiconductors in
transition-metal dichalcogenides) has been investigated using density functional theory method.
Oxygen interaction with MoS2 shows that, thermodynamically, the surface tends to be oxidized.
However, the dissociative absorption of molecular oxygen on the MoS2 surface is kinetically
limited due to the large energy barrier at low temperature. This finding elucidates the air stability
of MoS2 surface in the atmosphere. Furthermore, the presence of defects significantly alters the
surface stability and adsorption mechanisms. The electronic properties of the oxidized surface have
been examined as a function of oxygen adsorption and coverage as well as substitutional
impurities. Our results on energetics and kinetics of oxygen interaction with the MoS2 monolayer
are useful for the understanding of surface oxidation, air stability, and electronic properties of
C 2015 AIP Publishing LLC.
transition-metal dichalcogenides at the atomic scale. V
[http://dx.doi.org/10.1063/1.4916536]

I. INTRODUCTION

Recently, transition-metal dichalcogenides (TMDs) have
attracted huge research interest1–3 of the scientific community
because of their unique features and tunability of their electronic, optical, and tribological properties, which open possibilities of diverse applications.4–13 Molybdenum disulphide
(MoS2) is one of the TMDs that have been successfully exfoliated using various techniques into a very stable single monolayer or few layers thick material.14–20 Each layer consists of
two hexagonal planes of S atoms and a hexagonal plane of Mo
atoms coordinated through covalent interactions with the
S atoms in a trigonal prismatic coordination. Thus, the S–Mo–S
intra-layer stack is tightly bound, whereas S–Mo–S—S–Mo–S
interlayers are held together by weakly interacting van der
Waals forces. Monolayer MoS2 has a direct band gap of 1.8 eV
(Refs. 21–23) and it has been recently investigated for lowpower field effect transistors, showing promising performance
of high on/off current ratio (108) and a carrier mobility
200 cm2/Vs with a high-j gate dielectric.1,2
Apart from the recent realization of MoS2 in electronic
device applications, it has also been used as solid lubricant24,25 in spacecraft. The environmental effects of low
earth orbit on the friction coefficient and wear-life have been
studied, which will determine the useful life of a satellite
system under atomic oxygen beam exposures. Depending on
the concentration of atomic oxygen, the frictional coefficients might be decreased, hampering the lubricating properties. The effect of oxidation on the wear-life of MoS2 films
has also been reported.25 Surface oxidation affects the electronic, optical, and tribological properties of MoS2.
Therefore, a detailed and quantitative understanding of the
oxidation process, based on the atomic structures and
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electronic properties, would help the fabrication process of
electronic devices, including finding suitable passivation
techniques. The oxidation energies at edge sites of MoS2
nanoparticles with different terminations and S coverage
have been reported,26 and the physisorption of various gases
on TMD has also been studied.27 However, the atomic level
details of the chemisorption, oxidation mechanisms, together
with their energetics and kinetics, have not been explored
yet, which is an essential requirement in order to successfully realize TMD-based devices.
In this work, atomic and molecular oxygen (O2) interaction with the MoS2 surface and their corresponding electronic properties using density functional theory (DFT)
calculations are presented. The impact of defective MoS2
surface on the adsorption kinetics and the corresponding
electronic properties is also reported.
II. COMPUTATIONAL METHOD

Theoretical calculations based on DFT,28,29 with plane
wave basis sets and Projector Augmented Wave (PAW)
pseudopotentials implemented in the Vienna Ab initio
Simulation Package (VASP)30,31 have been carried out. The
electronic wave functions are represented by plane wave
basis with a cutoff energy of 500 eV. The accuracy of the
DFT results depends on the exchange-correlation functional
used. Since the local density approximation (LDA) is found
to overestimate the binding energy,32,33 the exchange correlation interactions are incorporated as a functional of the
Generalized Gradient Approximation (GGA)34–36 in the
present work. To investigate the surface oxidation, a monolayer of 5  5 supercell (15.8 Å  15.8 Å) of MoS2 surface
model is used (see Figs. 1 and 2(a)). This surface model contains two atomic layers of S and one atomic layer of Mo,
which are periodically repeated. Each periodic layer is separated by 16 Å of vacuum to avoid interaction between the
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FIG. 1. All the possible sites for O adsorption considered in this work: (1)
On top of S atom (S-O), (2) hallow top space (S-O-S), (3) on top of Mo
atom (Mo-O), (4) Mo-S bridge site (Mo-O-S), (5) S-O-S top bridge (S-O-S
top), and (6) hallow top space (Mo-O-Mo).

two surfaces of the layer and their replica images. A gamma
centered 6  6  1 k-point mesh is employed in the
self-consistent field (SCF) calculations and a 12  12
 1 k-point mesh is employed for density of states (DOSs) calculations. First, the pristine surface was fully relaxed and, for
subsequent calculations of the oxidation effects, the volume of
the supercell size was kept fixed, whereas atomic positions
were allowed to relax. The energy and Hellmann-Feynman
force convergence criteria are 104 eV and 0.01 eV/Å, respectively. The nudged elastic band (NEB) method37–40 is used to
investigate the oxygen absorption and diffusion kinetics, and
to estimate the corresponding adsorption energy barrier on
both pristine and defective MoS2 surfaces.
III. RESULTS AND DISCUSSION
A. MoS2 (001) surface exposure to atomic and
molecular oxygen

First of all, in order to investigate the interaction of
atomic O with the MoS2 surface, various configurations are
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generated and optimized and, then, we compare their thermodynamic relative stability. Figure 1 shows the various
possible O adsorption sites, labeled as: (1) On top of S atom
(S-O), (2) hallow top space (S-O-S), (3) on top of Mo atom
(Mo-O), (4) Mo-S bridge site (Mo-O-S), (5) S-O-S top
bridge (S-O-S top), and (6) hallow top space (Mo-O-Mo).
The O adsorption energies on various sites confirmed that
the most favorable O adsorption site (labeled (1) in Fig. 1) is
on top of a S atom, with S-O bond length of 1.487 Å and
adsorption energy of 1.12 eV, as shown in Fig. 2(b). O
adsorption at sites 2 and 5 transformed into site 1 after relaxation. O adsorption on metal (site 3) has positive formation
energy of 0.94 eV with respect to pristine surface. Also, sites
4 and 6 have positive formation energies of 0.95 eV and
0.25 eV higher than the pristine surface. Upon adsorption on
the surface, the O slightly displaces the sulfur atom downwards, resulting in S-Mo bond lengths of 2.384 Å, as compared to 2.410 Å for the pristine MoS2 surface.
The impact of O adsorption on the electronic structure
of MoS2 has been investigated by analyzing the DOS, as
shown in Fig. 2(d). O adsorption does not introduce gap
states. However, the adsorption slightly affects the band
edges, showing some peaks in the conduction band (CB)
close to the edge. For a single O adatom on a 5  5 MoS2
supercell (corresponding to a defect concentration of
4.6  1013 O atoms/cm2), there is no appreciable band gap
change. There is some interaction of O with S atom, as can
be seen in the DOS (see the arrows in Fig. 2(d)). However,
the Mo DOS shows no significant change even close to the
adsorbed site. This interaction of O with surface S has very
important implications on field effect device fabrication,
facilitating the functionalization of the MoS2 surface.5,41
To examine the trend in the change of electronic properties and thermodynamical stability, the concentration of
adsorbed O is increased from O1 (4.6  1013 O atoms/cm2

FIG. 2. a) Atomic structure of pristine MoS2 monolayer (the top figure shows the side view), (b) the most stable configuration for single atomic oxygen adsorption
on the pristine MoS2 monolayer, and (c) zoomed and angled image of the configuration (b), showing the atomic coordination and bond lengths. Oxygen, sulfur,
and molybdenum are represented by red, yellow, and purple spheres, respectively. (d) DOS for O adsorption (4.6  1013 O atoms/cm2 or 4% coverage) on a 5  5
MoS2 monolayer supercell. The blue line corresponds to the total DOS, the green line is the bulk sulphur DOS, and the red line shows bulk Mo DOS, which is
overlapped with black filled lines of Mo atoms close to the adsorption site. Arrows show the states introduced in the conduction band due to O adsorption.
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TABLE I. Oxygen adsorption energy and electronic band gap variation with O coverage.
Coverage (Oads)
No

Configuration

(%)

O atoms/cm2

Eform (ads) (eV)

Eform (ads) (eV/#O)

Band gap (eV) GGA

I
II
III
IV
V
VI
VII
VIII

Pristine
O1
O2
O3
O4
O5
O6
O7
O25

0
4
8
12
16
20
24
28
100

0
4.60  1013
9.20  1013
1.38  1014
1.84  1014
2.30  1014
2.76  1014
3.22  1014
1.15  1015

…
1.12
2.15
3.14
4.11
5.06
6.01
6.97
21.93

…
1.12
1.07
1.05
1.03
1.01
1.00
0.99
0.87

1.757
1.750
1.727
1.700
1.696
1.678
1.658
1.642
1.449

or 4% coverage) to O25 (equivalent to 1.15  1015 O atoms/
cm2 or 100% coverage). The thermodynamic stability of the
O adsorbed surfaces is characterized by their formation energies, obtained using the following equation:
Ef orm ðadsÞ ¼ EðadsÞ  EðpristineÞ  nlO ;

(1)

where Eform (ads) is the formation energy of oxidized surface
of MoS2 with total DFT energy E (ads), E (pristine) is the
DFT energy of the clean surface, and lO is the reference
chemical potential of O adsorbed species with n number of
atoms. The computed value of lO is 4.36 eV per atom, as
obtained from gas phase O2 molecule. Negative (positive)
values of the formation energy indicate that the surface,
thermodynamically, favors (does not favor) oxidation. The
adsorption energies and the corresponding electronic band
gaps of MoS2 with oxidized surfaces are listed in Table I,
where Ox represents the adsorption of x number of O atoms
on a 5  5 MoS2 supercell. O1 is equivalent to a concentration of 4.6  1013 O atoms/cm2 (4% coverage), whereas O25
is equivalent to 1.15  1015 O atoms/cm2 (100% coverage).
Table I shows that the O adsorption energies are always
negative, compared to the pristine surface, indicating that the
surface has a tendency to be oxidized and the stability of the
adsorbed O species depends on their coverage. The more O
atoms adsorbed on the surface, the lesser their relative stability due to adsorbate interaction, as can be seen in the formation energy per O atom in Table I. However, as will be
discussed later, the kinetics of the adsorption will provide
accurate information on the likelihood of this process at a
given temperature. The band gap changes with the O adsorption, as can see in Fig. 3, which shows the DOS as a function
of O coverage.
Figure 3 shows that the band gap narrows down as the O
coverage increases: the band gap is changed by 0.3 eV for
the full coverage of O adsorption with respect to the pristine
MoS2. This result indicates that the O adsorption does not
introduce deep gap states in the fundamental band gap of
MoS2. The O-introduced states lie in the conduction band
edge, as shallow states contributing to the gap narrowing.
For a low O coverage (below 10%, O1, O2), the change in
the band gap is insignificant as compared with higher O concentration. This is due to the small change in the hybridization of S p and Mo d orbitals because of the additional O
atoms. For larger O coverages, the band gap change is more

noticeable. However, this high concentration of surface O
may be very reactive, and they could damage the MoS2 surface producing, at the same time, some desorption of the O
species evolving into O2 molecules or Mo-S bond scission
evolving into S-Ox species as well as Mo-O bond formation,
depending on their respective reaction kinetics.
The thermodynamic stability of the O adsorption is further investigated by studying the formation energy with
respect to the oxygen chemical potential at different temperature and pressure, in order to simulate experimental
conditions. The relative formation energy as a function of
the oxygen chemical potential and oxygen partial pressure at
600 K is shown in Fig. 4. The total DFT energies are used
instead of the Gibbs free energies for the calculations of the
formation energies because the entropy contributions and
enthalpy changes due to finite temperatures (300–600 K) are
negligible for all of the structures considered, resulting in no
significant changes in the relative formation energies. The
following equation to correlate the chemical potential with
oxygen partial pressure has been used:42,43
 
 1
P
0
;
(2)
l0 ðT; PÞ ¼ l0 T; P þ kT ln
2
P0

FIG. 3. Total DOS for various O adsorption coverages: from O1 (4.6  1013
O atoms/cm2, corresponding to 4% coverage) to O25 (1.15  1015 O atoms/
cm2 or full coverage) on a 5  5 supercell of MoS2 monolayer. The arrow
shows the additional conduction band states introduced in the band gap for
high O adatom coverage.

135301-4

KC et al.

FIG. 4. Surface formation energy of O adsorption in MoS2 monolayer. The
zoomed inset shows the experimentally realistic region of oxygen chemical
potential. The range of chemical potential is obtained by considering oxygen
rich to oxygen poor conditions. The zero of the energy (y-axis) corresponds
to the pristine surface.

where p and pO are the partial pressures at temperature T and
at one atmosphere, respectively.
The whole range of thermodynamically allowed O
chemical potential is labeled in the lower x-axis (see Fig. 4),
and the corresponding oxygen partial pressure is labeled in
the upper x-axis. The thermodynamically allowed chemical
potential range is estimated until the formation of SO2. Thus,
only a small portion of the plot corresponds to realistic MoS2
oxidation experimental conditions, shown in the zoomed
image of Fig. 4, indicating the experimentally achievable
environment (close to a partial pressure of 1 atm). The right
hand side of the x-axis refers to the O-rich region, whereas
the left hand side corresponds to an O-poor environment. We
used the gas phase O2 molecule and SO2 as reference
states, similarly to the formulation explained in previous
works.42,43
The standard molar enthalpies (heat) of formation
(DfH ) at 298.15 K for MoS2, MoO2, and MoO3 are 235.1,
588.9, and 745.1 kJ/mol (2.436, 6.1035, and
7.7224 eV), respectively.44 Their relative stability can be
predicted by comparing the heat of formation of these materials from their constituents. The data show that MoOx are
thermodynamically stable species, consistent with our findings. However, it is very important to study the O2 dissociative adsorption kinetics, which to a large extent will
determine the O2 adsorption and desorption process in the
atmosphere. Figure 4 shows that, thermodynamically,
adsorption of atomic O is favorable at oxygen rich environment. In this region, the formation energy is lowered with
the increase of adsorbed O concentration, indicating the
tendency of the MoS2 surface to be oxidized.
B. Oxygen as substitutional impurities on MoS2
surface

After investigating the O adsorption on the MoS2
surface, the adsorbed O as substitutional impurities, replacing surface sulphur atoms, were also studied. Several configurations with different concentrations of O atoms replacing
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surface S atoms were investigated. They are labeled as Ox,
where x represents the number of O atoms replacing surface
S atoms. The substitutional energy for a single S replaced by
O (4.6  1013 O atoms/cm2) is 1.91 eV, with respect to
the pristine MoS2 surface. The Mo-O bond lengths and
atomic co-ordinations are shown in Figs. 5(a) and 5(b). The
atomic position of O is shifted down by 0.541 Å relative to
the top S position, resulting in three Mo-O bonds with a
length of 2.072 Å for each one.
The results show that, thermodynamically, it is favorable to fill S vacancies with substitutional O atoms, although
the kinetics of this process at a given temperature still needs
to be investigated. Table II shows the impact of substitutional O atoms occupying the surface S sites as a function of
the O coverage. The band gaps decrease due to the change in
the Mo d orbital and S p orbital hybridization at valence
band maximum (VBM) due to O p states that introduce a
shallow impurity state in the VBM. Thermodynamically, S
vacancies are more favorable than Mo vacancies, as reported
in the literature.45,46 Thus, O atoms substituting surface S
atoms are more favorable than Mo atoms. Table II lists the
formation energies of the substitutional O impurities,
obtained with the following equation:
Ef orm ðRepÞ ¼ E ðRepÞ  E ðpristineÞ  nlO þ nlS ;

(3)

FIG. 5. a) Optimized atomic structure of a MoS2 monolayer (the top figure
shows the side view) configuration containing a single substitutional atomic
oxygen replacing a S atom on MoS2 surface, and (b) the zoomed in configuration with an angled image showing the O atomic coordination and the corresponding bond lengths. Oxygen, sulfur, and molybdenum are represented
by red, yellow, and purple spheres, respectively. (c) DOS for substitutional
O replacing one surface S atom (4.6  1013 O atoms/cm2 or 4% coverage)
on a 5  5 supercell of MoS2 monolayer. The blue line is the total DOS, the
green line represents bulk-like sulphur DOS, and, finally, the red line corresponds to bulk Mo DOS. The filled S and Mo DOS represent sites close to
the O atom. Arrows show the states in the valance band edge of MoS2.
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TABLE II. Formation energy of substitutional O atoms replacing surface S atoms and their corresponding band gap variation as a function of the O coverage.
Coverage (Rep)
No

Configuration

(%)

O atoms/cm2

Eform (Rep) (eV)

Eform (Rep) (eV/#O)

Band gap (eV) GGA

I
II
III
IV
V
VI
VII
VIII

Pristine
O1
O2
O3
O4
O5
O6
O7
O25

0
4
8
12
16
20
24
28
100

0
4.60  1013
9.20  1013
1.38  1014
1.84  1014
2.30  1014
2.76  1014
3.22  1014
1.15  1015

…
1.912
3.754
5.583
7.355
9.084
10.767
12.471
37.640

…
1.91
1.88
1.86
1.84
1.82
1.79
1.78
1.51

1.757
1.742
1.664
1.571
1.488
1.403
1.320
1.242
0.264

where Eform (Rep) is the formation energy of the substitutional O impurity that replaces surface S species of a MoS2
monolayer with total DFT energy E (Rep), E (pristine) is the
DFT energy of the pristine MoS2 surface, lO and lS are the
reference chemical potentials of O and S, and n is the number of substitutional O and/or replaced S atoms. Under this
definition, negative values of the formation energy refer to
thermodynamically stable substitutional process.
Table II shows that the formation energy is negative with
respect to the pristine MoS2 surface for all the O coverages
studied in this work, indicating that O substitutional impurities are always thermodynamically favorable. The formation
energy per O substitutional impurity decreases with coverage.
For large coverage, this fact indicates that the structural
changes induced by O impurities may result in the damage of
the MoS2 surface. In addition, O substitutional impurities significantly change the electronic band gap, as compared to the
O adsorption process, because of the nature of the impurity
states, as we described previously (cf. Tables I and II).
The total DOS of the substitutional O impurities on the
MoS2 surface for various O concentrations are shown in
Fig. 6. As can be seen in the figure, there are impurity states
in the band edges, causing the band narrowing due to

FIG. 6. Total DOS of substitutional O impurities in MoS2 surfaces, as a
function of the O coverage: from O1 (4.6  1013 O atoms/cm2 or 4% coverage) to O25 (1.15  1015 O atoms/cm2 or full coverage) on a 5  5 supercell
of MoS2 monolayer. The arrows in the plot show the gap states introduced
due to high oxygen coverage.

changes in the metal-chalcogen hybridization strengths. The
concentration of impurity states increases with O coverage
tending towards metallic character. The MoO2 structure
has been reported to be metallic47,48 with high chemical stability. With the increase of O coverage and the subsequent
formation of Mo-O bonds, the band gaps decrease, thus
exhibiting more metallic nature.
Similar to the O adsorption study, we further analyze
the formation energy under realistic experimental conditions.
The thermodynamically allowable range of oxygen chemical
potential is obtained taking into account the extreme cases of
oxidation (forming MoOx) and no oxidation. The right hand
side of x axis (Fig. 7) corresponds to O rich environment
obtained from gas phase O2 and the far left side refers to
an oxygen deficient environment, obtained from the heat of
formation of MoO2.
Figure 7 shows the relative surface formation energy for
O substitutional impurities on the MoS2 monolayer. The
results show that O substitutional impurities are also thermodynamically favorable with respect to the MoS2 pristine
surface. However, an O2 dissociation kinetics is necessary to
confirm the likelihood of O diffusion in order to form Mo-O
bonds. It shows that the reactivity of TMDs is different than
the well-studied 2D surface of graphene, which is less

FIG. 7. Surface formation energy of substitutional O in MoS2 monolayer.
The circled part shows the region of realistic experimental conditions of oxygen chemical potential close to 1 atm partial pressure of oxygen. The zero
of the energy (y-axis) corresponds to the pristine surface.
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susceptible to oxidation, according to several published
reports.49,50
In addition, the result of the combined O substitutional
and adsorbed processes and the impact on the electronic
structure of the MoS2 monolayer is investigated. Figure 8(a)
shows the atomic structure of substitutional and adsorbed O
atoms on a MoS2 monolayer. At low concentrations (below
8%), both type of defects do not alter the electronic properties significantly, as can be seen in the local DOS shown in
Fig. 8(b). Large concentration of those substitutional and
adsorbed species will damage the MoS2 surface due to surface reaction evolving SOx species. This may arise as a result
of oxygen or ozone treatment of the surface which has been
referred to as the ozone functionalization of the MoS2,41
since ozone supplies O adatoms. The oxygen atoms adsorbed
on top of S and O atom passivating the S vacancy do not
interact significantly; only small changes in the DOS can be
then noticed, resulting in a superposition of the DOS shown
in Figs. 1(d) and 2(c).
Sulphur vacancies introduce defect states close to the
conduction band minimum (0.6 eV below CBM),46 which
are then removed by the O atoms that occupy the S vacant
site. This defect passivating mechanism could play an important role in obtaining a good quality oxide interface with the
corresponding dielectric material. This effect might also
have some impact on the nature of the interface including
enhanced electrical properties of MoS2 in contact with a
high-j dielectric oxide.1,51,52
TMD oxidation has been poorly understood so far as
compared with other semiconductor materials. The silicon
surface shows a high affinity for oxygen adsorption and,
thus, forms an oxide layer rapidly upon exposure to the
atmosphere, which helps in the device fabrication process,
creating high quality interfaces53 after thermal treatment,
enabling passivation of possible surface defects, and dielectric isolation.54–58 In case of III–V based semiconductors,

FIG. 8. (a) Atomic positions of substitutional and adsorbed O atoms on
MoS2 surface as indicated by arrows, and (b) local DOS of selected atoms
(Os, Oads, bulk S and bulk Mo atoms). The arrows on DOS point out the
additional states introduced as a result of O adsorption and replacement.

J. Appl. Phys. 117, 135301 (2015)

the native oxides have been responsible for the poor interface
quality of metal-oxide-semiconductor (MOS) devices. This
leads to the emphasis on surface preparation and control of
oxidation and passivation mechanism.58,59 The unique structural, chemical, and electronic nature of TMDs surfaces
makes the oxidation process quite different from group IV,
III–V, or graphene-based semiconductor materials.49,59–61
C. Oxygen adsorption kinetics on pure and defective
MoS2 monolayer

After studying the thermodynamical stability of the
MoS2 monolayer upon oxygen adsorption, in order to further
clarify the oxidation mechanism, the kinetic barrier for the
oxygen dissociative adsorption process is obtained. First, a
defect-free MoS2 surface is used to investigate the kinetic
energy barrier for the dissociative adsorption of molecular
oxygen. Several pathways have been considered in our study,
and the investigation on the most favorable pathway is
discussed. The initial and final configurations are shown in
Fig. 9(a) along with the barrier energy. The kinetic energy
barrier is 1.59 eV, relatively high, which indicates that the
MoS2 surface is chemically stable in the atmosphere at low
temperatures. However, in the presence of a sulphur vacancy
defect on the surface, oxygen adsorption and subsequent dissociation kinetic barrier are reduced by half (0.8 eV),
which indicates that the S vacancy can be easily passivated
with molecular oxygen. This finding shows that when S deficient MoS2 surface is exposed to the atmosphere, it will
readily be filled by oxygen. Furthermore, as shown in Fig.
8(b) for lower concentration, Os does not change the electronic properties significantly. These results highlight that
defect sites on the surface exhibit high reactivity. Vacancy
sites are responsible for catalytic activities and oxygen
chemisorption in MoS2, since metal (Mo) sites are partially
or completely exposed to the atmosphere due to S vacancies
depending on their defect concentration.
Therefore, our results have clarified that the main reason
for the air stability of MoS2 surface is the high kinetic energy
barrier for the adsorption of molecular oxygen, even though

FIG. 9. Oxygen dissociative adsorption barrier on (a) pristine MoS2 surface
and (b) S deficient MoS2 surface.
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the adsorbed atomic oxygen is thermodynamically stable on
the MoS2 surface. Our findings also indicate that S defects
on the MoS2 surface can act as reactive centers for O2 dissociation and adsorption. This result points an important implication for the properties of TMD-based semiconductor
devices. Moreover, adsorption reactivity of TMDs can be
affected by the substrate, as was shown for hydrogen adsorption by MoS2 on transitional metal substrates.62 A similar
approach can be extended to other species like OH, H2O, in
order to investigate the comparative analysis of TMDs air
stabilities, which will be discussed in a separate article in the
future.
IV. SUMMARY

DFT-based calculations have been performed in order
to investigate the surface oxidation mechanisms of monolayer MoS2 using both atomic and molecular oxygen. Our
results indicate that O adsorption on MoS2 surface is thermodynamically favorable. Moreover, at low concentrations,
O adatoms do not alter the band gap significantly. In addition, oxygen substitutional impurities on a S-vacancy of
MoS2 surface are thermodynamically favorable as well.
Oxygen is able to passivate any sulphur vacancy produced
as a result of the exfoliation process, because of its isoelectronic nature. However, the MoS2 electronic band gap is
reduced significantly with increasing O concentration causing a significant change in the strength of Mo-S orbital
hybridization at the valence band edge. When simultaneous
adsorption and oxygen substitutional impurities are present
on the MoS2 surface, there is also no significant impact on
the electronic properties at very low oxygen concentrations,
except some impurity states close to both band edges. An
O2 absorption kinetics study reveals that pristine MoS2 surface oxidation is kinetically limited due to the large oxygen
dissociative adsorption barrier, even though the oxygen is
thermodynamically stable when adsorbed on the MoS2 surface. However, on a S deficient MoS2 surface, the kinetic
energy barrier is substantially lower, indicating that the oxidation process will be both kinetically and thermodynamically favored and the MoS2 surface easily passivated, both
structurally and electronically. This information will then
be very useful to understand the surface oxidation, air stability, and electronic properties of TMD-based electronic
devices.
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